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LONG-TERM GOALS

TheseverewinterstormcyclealongtheCaliforniacoastduringthe1997-98El Niño-Southern
Oscillation(ENSO)focusedattentionon thevariability, andrecentapparentintensification,of the
wave climatealongtheWestCoast.Few instrumentalwave recordsexist beforesystematicbuoy
measurementsbeganin theearly1980’s. Thenumberof largestormeventsreportedby Seymour
(1996)for 1982-83ENSOis conspicuouslygreaterthanearlierstrongENSO’s during the 1940-
41 and1957-58winters(producedfrom hindcastsusingmeteorologicaldata).This suggeststhat
eithertheeffect of strongENSO’s on thewave climateof Californiahassignificantlychanged,or
thewave-climaterecordprior to 1980is seriouslydeficient.

Accurateestimatesof theWestCoastwaveclimatecanbeobtainedby inversionof thedouble-
frequency microseismspectrumfrom broadbandseismometerdata(Bromirskietal.,1999b).Anal-
ysesof NOAA buoy dataindicatethatthewaveclimateis verysimilaralongmuchof theCalifornia
coast(Bromirski et al., 1999aand1999b),implying that reconstructedwave measurementsfrom
theSanFranciscoBay areausingseismicdatafrom Berkeley, CA canbeextrapolatedto theEel
Rivercoastalregion,astudyareafor theONRsponsoredSTRATAFORM program.Analogpaper
seismogramsarchived at UC Berkeley from 1930-1980canbe usedto reconstructthe historical
wave record.

Quantitativewaveclimatereconstructionsfrom 1930onwardareimportantfrom two perspectives:

� Shelf sediment transport and deposition: Theresolutionof waveevents,their spectralcharacter-
istics,andwave climatestatisticsover time arenecessaryto understandandmodeltheprocesses
controllingtheformationandevolution of event-scalestratigraphyon thecontinentalshelf. Since
surfacewavesinducebottomoscillatoryflow thatis wavefrequency dependent,knowing thespec-
tral characterof thewaveclimateovertimeis importantto understandandmodeltheresuspension,
transport,andredispositionof sedimentson theseafloor.

� Global climate change: Changesin thecharacterandoccurrenceof extremestormsin theNorth-
eastPacific during strongENSO’s can be important. In this regard, wave reconstructionfrom
Berkeley datawill be absolutelyuniquein termsof continuity andstability of the measurement
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system,andwill thusprovide anunbiasedrecordof extremeeventsin theNortheastPacific. Re-
constructionof the winter wave climateprior to 1980will establishthe variability of the wave
climateandthemagnitudeof any intensificationthathasoccurredsincethemid-1970’s.

OBJECTIVES

Quantitativeestimatesof waveenergy andclimatechangefrom archivedseismogramsrequire
digital datafor spectralprocessing.However, digitizing scannedanalogseismogramsusingthe
availableversionof digitizing software(NXScan V. 8.1) from theBerkeley SeismologicalLabora-
tory (BSL) wasextremelytime consuming,makingthedigitizationof largeblocksof datainfea-
sible. Thegoalof this proposalwasto modify NXScan V. 8.1 andsubstantiallyimprovedigitizing
efficiency with theaimof digitizing wintermonthsduringthe1940-41and1957-58El Niño’s. Af-
terdeterminingtheinstrumentresponsefunctionandcalibrationconstantsto convert thedigitized
datafrom digital units to MKS, inversionof the microseismsignalsin thesedata(following the
methodologyof Bromirski et al. (1999a))will give estimatesof wave climateparametersduring
theseearlierwinters to be comparedwith the buoy-measuredwave climateduring the 1982-83
and1997-98El Niño’s. Resultsfrom this demonstrationstudy will show the feasibility of the
seismicanalog-to-digital-to-waveclimatemethodology. Thenext stepwill beto scananddigitize
theremaininganalogseismogramsfrom 1930onwardsothatacompletewave recordcanbecon-
structed.Fundingfor this effort will berequestedfrom ONRin thefuture.

APPROACH

Functionalimprovementsof NXScan V. 8.1 wereneededto enablemoreefficient digitizing.
Developmentof softwaremodulesdealingwith timing markgaps,traceintersectionsandoverlaps,
anddigitizedoutputtime managementwerenecessary. Softwaredevelopmentwasdoneby Sara
E. Mason,a seniorundergraduatecomputersciencemajorat UC SanDiego. NXScan V. 8.1 was
unstable,producingcoredumpsin variousinstances.First, codestability wasimproved. Next, to
moreeffectively assessmodificationsby improving easeof use,theGraphicalUserInterfacewas
overhauled.

Scannedseismogramsfor portionsof the 1940-41and1957-58time periodswereobtained
from the BSL archives. Thesescannedimagesarestoredas“tif” images,andthenconvertedto
rasterfiles for digitizing with NXScan.

Eachscannedimagegenerallyconsistsof forty-seven thirty-minute tracesand two partial
tracesat the beginning andendof eachday. One-minutetiming markscausesmall gapsat the
endof eachminute(Fig. 1). Digitizing theseday-longimageswith NXScan V. 8.1 washampered
by the necessityof manuallysetting“control points” at both sidesof many of the timing mark
gapsandalmostall traceintersections,aswell aswhenearthquakesandothertransientsoccurred,
makingthedigitizing processextremelytime consuming.Traceintersectionsandoverlapsoccur
regularly whenhigh amplitudestormwavesarrive at nearbyshorelines.Becausedigitizing these
datais critical for thedeterminationof extremestormoccurrenceandcharacteristicsandclimate
changeanalyses,softwaremodificationto automatetraceimagetrackingasmuchaspossiblein
thesesituationswasnecessary. The necessityof settingcontrol pointsat gapsandintersections
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wassubstantiallyeliminatedwith analgorithmthatusesacombinationof backwardtracking,trace
imagethickness,andslopeestimatesfrom precedingdigitizedpointsto constraintheforwarddig-
itizing search.Incorrecthandlingof traceintersections,aswell astiming markdiscontinuities,is
easilyidentifiedby visualinspectionof theprojecteddigitizedtraceoverlayingtheraw imagedata
(seeFig. 1) prior to downloadingto anoutputfile.

Figure 1: A 2-minute portion of the seismogram for Dec. 6, 1940 viewed with NXScan V. 9.0
shows the trace variation observed in pre-1962 seismograms. The full seismogram image is shown
at the top, with the expanded viewing area shown below outlined in red. The scanned traces (thick
white lines) show examples of one-minute timing mark gaps and adjacent trace intersections. The

projected digitized traces (thin red lines) successfully track past these irregularities.

WORK COMPLETED

Significantprogresshasbeenmadein improving NXScan V. 8.1 for digitizing scannedseismo-
gramimages.Themodifiedcode,NXScan V. 9.0, is substantiallymoreefficient thantheprevious
version,with digitizing acrosstiming markgapsandtraceintersectionsautomatedin almostall in-
stances.The long-periodWilip-Galitzin seismometerat Berkeley (thatproducedtheseismogram
in Fig. 1) wasreplacedwith a long-periodSprengnetherseismometerin 1962,with subsequent
seismogramshaving a thinnerpenwidth thatmakestrace-imagetrackingmoredifficult. Further
softwaredevelopmentis requiredto efficiently digitize post-1962seismogramsandto automate
digitizing acrosstraceoverlaps.Digitizing scannedpre-1962seismogramimageswith NXScan V.
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Figure 2: Power spectral variation of digitized seismograms during Dec. 1940, not corrected
for either instrument response or calibration constants. Thin vertical white stripes indicate either
missing data or time periods where the scanned image quality was not adequate for digitizing,
generally at trace edges.

8.1 requiredabout15 min (or more,dependingon imagequality) per30 min trace.NXScan V. 9.0
requireslessthan30 min per day-longseismogram(48 tracesin pre-1962seismograms),a very
significantimprovement.

RESULTS

A scannedseismogramimagefor Dec. 25, 1940 viewed with NXScan V. 9.0 is shown in
(Fig. 1). No controlpointswereneededto successfullynavigatethe timing markgapsandtrace
intersectionsshown. The temporalvariationof raw spectrallevels for digitized datafrom Dec.
1940(Fig. 2) showstwo energy concentrations(beginningonDec.6 andDec.8, respectfully)that
arecharacteristicof double-frequency microseisms(high amplitudeenergy in the [0.09,0.25]Hz
bandat twice thewave frequency). Thesesignalsresultfrom wave-wave interactionsat thearrival
of dispersedgravity waves (swell) from two stormsat nearbycoastallocations,with the spec-
tral variationobservedin Fig. 2 similar to moderndigitally-recordedseismicdata(Bromirski and
Duennebier, (in press);Bromirskietal. (1999a)).Associatedprimarymicroseismsatthefrequency
of thewavesarenotclearlyidentifiablein the[0.05,0.09]Hz band,probablybecausethesespectra
do not includean instrumentresponsecorrection(not yet available). The Galitzin seismometer
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thatrecordedthesesignalshasa naturalperiodof 12 sec,causingthepeakin theraw spectranear
0.1Hz to beelevatedrelative to 0.06Hz and0.25Hz levels.However, thecharacterof thespectral
variationobservedandthepercentageof thedatadigitized indicatethat theNXScan codemodifi-
cationshavebeensuccessful,andthatthesedatacanbeinvertedto obtaingravity-waveparameter
estimatesat a morethanadequatesamplingdensityto enablequantitative characterizationof the
waveclimateprior to 1980wheninstrumentalbuoy measurementsareunavailable.

IMPACT / APPLICATIONS

Reconstructionof the coastalwave recordis importantto the Stateof California. Analyses
of thewaveclimateover thepastdecades(usingmeteorologically-basedreconstructionsandbuoy
data)show major upward trendsin large, long-periodwave episodes,especiallysincethe mid-
1970’s (Seymour, 1996).Becausethesetrendsobviouslyhave importantimpacton designcriteria
for coastalconstruction,beachnourishmentandevaluationsof coastalerosion,wave climatedata
from earlierdecadeswill beof significanteconomicvaluefrom both“design-wave” andinsurance
liability perspectivesto establishwhethertheobservedvariationin recentdecadesis in facta long-
termtrendor cyclicity at timescaleslongerthanthecurrentlyavailablewave record.

RELATED PROJECTS

Tide gaugedatafrom 1858onward from SanFranciscoBay is currentlybeingstudiedwith
fundingfromtheCaliforniaDepartmentof BoatingandWaterways.Thevarianceof non-tideresid-
ualsshows“storminess”cycleson timescalesof 10-20yr (Bromirski andFlick, 2001),consistent
with other climatologicalstudies(e.g. Trenberthand Hurrell, 1994; Graham,1994; Schneider
et al., submitted). Extendingthe wave recordbackward to 1930 from inversionof microseism
datawould helpcharacterizethewave climatevariationobservedduring the last25 years.Wave
climatedatashowing decadal-scalecyclesin long-periodwaveenergy wouldvalidateresultsfrom
tidegaugedataandotherclimatologicalstudies,andprovidevaluableinformationfor coastalplan-
ning.
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